Gas to aqueous phase standard state (1 atm→1 mol/L; 298.15 K) free energies of solvation (ΔG°s olv ) were calculated for a range of neutral and ionic inorganic and organic compounds using various levels and combinations of Hartree-Fock and density functional theory (DFT) and composite methods (CBS-Q//B3, G4MP2, and G4) with the IEFPCM-UFF, CPCM, and SMD solvation models in Gaussian 09 (G09). For a subset of highly polar and generally polyfunctional neutral organic compounds previously identified as problematic for prior solvation models, we find significantly reduced ΔG°s olv errors using the revised solvent models in G09. The use of composite methods for these compounds also substantially reduces their apparent ΔG°s olv errors. In contrast, no general level of theory effects between the B3LYP/6-31+G** and G4 methods were observed on a suite of simpler neutral, anionic, and cationic molecules commonly used to benchmark solvation models. Further investigations on mono-and polyhalogenated short chain alkanes and alkenes and other possibly difficult functional groups also revealed significant ΔG°s olv error reductions by increasing the level of theory from DFT to G4. Future solvent model benchmarking efforts should include high level composite method calculations to allow better discrimination of potential error sources between the levels of theory and the solvation models.
The continuing development of implicit solvent models for predicting solvation free energies (ΔG solv ) is driven by their importance in better understanding and estimating reaction rates, mechanisms, and equilibria in solution, partitioning in biological, environmental, and engineered systems, and fundamental aspects of biological and medicinal chemistry. [1, 2] In recent work, a set of 54 highly polar and generally polyfunctional organic compounds with available experimental solvation free energies was proposed against which current and future solvation models should be benchmarked. [3] Using various self-consistent reaction field (SCRF) based solvation models (PCM, CPCM, DPCM, IEFPCM, IPCM, and SCIPCM) in Gaussian 03 (G03) and Gaussian 98 (G98), relatively poor ΔG solv prediction performance was reported for the models, notably with halogenated and heteratom substituted compounds. However, many of the proposed compounds contain substantial conformational complexity, resulting in significant work to ensure that the lowest energy gas and aqueous phase conformers (which could differ from each other) are found when evaluating all potential combinations of energetic contributions from low-lying states towards the net solvation free energy. In addition, some compounds are hydrolyzable (e.g., methanesulfonyl chloride; carboxylate, phosphate, and sulfate esters), which could preclude accurate assessment of their experimental solvation energies. Numerous other members contain aliphatic and aromatic amines (e.g., imidazole), which can have relevant acid/base behavior at near neutral aqueous pH values, further complicating reliable experimental solvation energy measurements against which to assess theoretical estimates.
From this dataset of 54 compounds, we identified a subset of 9 compounds ( Table 1) that maintain a reasonable degree of polyfunctionality and polarity, are relatively constrained with regard to low energy conformational freedom, lack potentially confounding acid/base behavior in near neutral aqueous solutions that solvation models attempt to mimic, and which display approximately the same error distribution as the parent dataset. For example, at the HF/6-31+G** and B3LYP/6-31+G** levels of theory [4] [5] [6] [7] [8] [9] [10] [11] [12] with the parent n=54 dataset, Guthrie and Povar [3] found root mean squared deviations (RMSDs) from experimental gas to aqueous phase free energies of solvation (ΔG°s olv ; denoting transfer of solute at 298.15 from 1 atm in the ideal gas phase to 1 mol/L in the ideal dilute solution aqueous phase) of 2.13 (IEFPCM-UAHF/HF/6-31+G**), 2.31 (IEFPCM-UAHF/B3LYP/6-31+G**), 2.09 (CPCM/HF/6-31+G**), and 2.02 kcal/mol (CPCM/B3LYP/6-31+G**) using the IEFPCM [13] and CPCM [14, 15] solvation models in G03. [16] These authors state they typically used the default settings with the UAHF radii for specifying the IEFPCM molecular cavity in G03 and G98; the default PCM radii has changed to UFF in Gaussian 09 (G09; http://www.gaussian.com/g_tech/g_ur/k_scrf.htm). The corresponding ΔG°s olv RMSDs for the 9 compound subset using these two levels of theory and two solvent models from Guthrie and Povar [3] are 3.1, 3.2, 3.1, and 3.1 kcal/mol, respectively. Our subset thus does not discriminate against difficult compounds in the parent dataset based on the error metrics given in Guthrie and Povar; [3] arguably, it concentrates the relative presence of difficult compounds.
Our subset does omit some functional group classes discussed above due to uncertainty regarding the quality of the experimental ΔG°s olv data being benchmarked against, and issues over conformational complexity and aqueous reactivity. The ΔG°s olv span is 10.8 kcal/mol in the n=9 subset versus 13 kcal/mol in the original 54 compound dataset.
Our first investigation was to examine whether changes in the default IEFPCM [13] and CPCM [14, 15] solvent models from G03 [16] to G09 [17] resulted in different ΔG°s olv prediction accuracies at the HF/6-31+G** and B3LYP/6-31+G** levels of theory [4] [5] [6] [7] [8] [9] [10] [11] [12] for these 9 compounds (Table 1) . Calculated ΔG * solv (transfer of solute at 298.15 from 1 mol/L in the ideal gas phase to 1 mol/L in the ideal dilute solution aqueous phase) were converted to ΔG°s olv via the relationship, ΔG°s olv = ΔG * solv + RT ln ( T  Ȓ ) where the term RT ln ( T Ȓ ) is about 1.9 kcal/mol at 298.15 K. All calculations were conducted using G09, [17] only the lowest energy conformation was considered, no imaginary frequencies were present, free energies include both zero-point and thermal corrections, and geometries were optimized in the respective phases of interest. For all sets of data (both G03 [from ref. [3] ] and G09 [present study]), the IEFPCM and CPCM solvent models yield effectively equivalent ΔG°s olv and associated error metrics.
The G09 versions of IEFPCM-UFF and CPCM also give substantially lower ΔG°s olv errors than their G03 default counterparts, with reductions in MAD and RMSD by up to 50%. For our IEFPCM-UFF/B3LYP/6-31+G** calculations using G09, the MAD and RMSD are near chemical accuracy at 1.2 and 1.4 kcal/mol, respectively, with a maximum individual absolute error (MIAE) of 1.7 kcal/mol, reduced from the corresponding G03 data at the IEFPCM-UAHF/B3LYP/6-31+G** level from ref. [3] of 2.2 (MAD), 3.1 (RMSD), and 7.5 (MIAE) kcal/mol, respectively. Based on the updated error metrics at the IEFPCM-UFF/B3LYP/6-31+G** level in G09, one would no longer consider these particularly "difficult" compounds for solvation energy modeling. Thus, users of G09 solvation models with default settings will need to be aware that historical ΔG°s olv benchmarking studies using G03 and earlier versions (see also, e.g., [18] ) are not necessarily applicable to the most recent version of this software.
We note that G09 has a "G03Defaults" option for solvent settings to allow users to reproduce default G03 solvent model calculations as closely as possible, but perfect agreement is not always possible due to revisions to the software between these two versions.
In general, prior ΔG°s olv benchmarking studies have used DFT methods, and concluded that increasing basis set completeness either has no significant effect on the quality of ΔG°s olv predictions, or in some cases may even decrease the predictive accuracy (see, e.g., [3, [18] [19] [20] [21] [22] ). Consequently, we performed calculations using the HF and B3LYP model chemistries with the larger 6-311++G(d,p) basis set, and also added calculations at these levels using the SMD solvent model [20] in G09. To probe the effect of density functional on the results, we also employed the M062X/6-311++G(d,p) level of theory [7] [8] [9] [10] [11] [12] 23] with the IEFPCM-UFF and SMD solvent models ( Calculations were then conducted using the CBS-Q//B3, [24, 25] G4MP2, [26] and G4 [27] composite methods in G09 with the IEFPCM-UFF and SMD solvent models (Table 3 We found these results intriguing, and sought to examine whether the significant reduction in ΔG°s olv errors moving from HF/DFT to composite methods with the IEFPCM-UFF and SMD solvent models for the subset of "difficult" neutral compounds would hold when applied against sets of "simpler" neutral and ionic compounds often employed in previous benchmarking studies. For this, we used a set of 18 anionic, 15 cationic, and 25 neutral inorganic and organic compounds and their corresponding experimental ΔG * solv data from the Gaussian 98 (G98) and G03 CPCM benchmarking study of Takano and Houk [18] and ΔG * solv compilation of Pliego and Riveros. [28] ΔG * solv were converted to ΔG°s olv as described above. Unlike the subset of "difficult" compounds, we find little difference in the overall error metrics for the 25 "simpler" neutral compounds between B3LYP/6-31+G** and G4 ΔG°s olv estimates using either the IEFPCM-UFF or SMD solvent models (Table 4) . However, substantial ΔG°s olv differences (>1 kcal/mol) are observed at the B3LYP/6-31+G** and G4 ΔG°s olv levels for the following two compounds (all values in kcal/mol): acetone, -3.5 (IEFPCM-UFF/B3LYP/6-31+G**), (IEFPCM-UFF and SMD) for which differences of >1 kcal/mol were observed. The bulk error metrics for the ionic species also mask large individual ΔG°s olv differences between the solvation models. Although the MAD between the IEFPCM-UFF and SMD models for anions differs by only ~2 kcal/mol across both levels of theory, the individual differences range up to 14 kcal/mol (and up to 19 kcal/mol for the cations). We also note that as part of their CPCM benchmarking study, Takano and Houk [18] found similarly poor performance for the UFF cavity with anions and cations at the HF/6-31+G(d)//B3LYP/6-31+G(d) level, with the best performance (MAD~3 to 5 kcal/mol) using the UAHF and UAKS cavities.
Finding that the IEFPCM-UFF model outperformed the SMD model for the subset of neutral "difficult"
compounds, the SMD model outperformed the IEFPCM-UFF model for the neutral "simpler" compounds, and that level of theory effects were only clearly evident with the "difficult" compounds,
we needed an additional suite of potentially "difficult" compounds upon which to draw some overall conclusions. A set of 25 compounds was chosen from the compendium in Marenich et al., [21] and calculations were conducted with the B3LYP/6-31+G** and G4 methods using the IEFPCM-UFF and SMD solvent models (Table 5 ). For the 16 mono-and polyhalogenated hydrocarbons (fluoro-, chloro-, and bromo-substituted methanes, ethanes, and ethenes) increasing the level of theory results in significant error reductions, much as we observed with the subset of 9 "difficult" compounds from ref. [3] as presented in Table 3 . The MAD is reduced by ~50% and 25% with the SMD and IEFPCM-UFF models, respectively, when the G4 method is used compared to the B3LYP/6-31+G** level of theory.
The systematic ΔG°s olv underbias is also eliminated at the SMD/G4 level, and substantially reduced at the IEFPCM-UFF/G4 level. No large changes in ΔG°s olv (i.e., >1 kcal/mol) were observed when the theoretical level was increased; rather, the overall error reduction with the G4 method generally involved relatively small error reductions for most compounds with no clear outliers.
With the known branching errors in DFT functionals (particularly B3LYP) for relative energies of linear and branch alkane isomers, one may expect analogous ΔG°s olv errors present at the DFT level which are reduced with composite methods. Although we only considered n-hexane and 2-methylpentane, we know that the B3LYP branching error manifests itself already at the C 6 alkane homolog between these two isomers. [29] However, we observe no difference in ΔG°s olv (or the relative ΔG°s olv ; ΔΔG°s olv ) between these two compounds using the B3LYP/6-31+G** and G4 methods with either solvent model. This does not rule out branching errors in ΔG°s olv at higher homologs or with more highly branched congeners, which should be systematically investigated as part of future solvent benchmarking efforts. There is no ΔG°s olv prediction improvement with increasing level of theory for the cyclic compounds, and for cyclopentane, the G4 calculations result in a substantial decrease of accuracy. As with nitromethane in the initial 9 compound "difficult" subset, three additional nitroalkanes (nitroethane, 1-nitropropane, and 2-nitropropane) collectively display a significant improvement in ΔG°s olv accuracy at the G4 level as compared to the B3LYP/6-31+G** method, particularly with the IEFPCM-UFF solvent model. These examples are sufficient to unambigously demonstrate the possibility for HF/DFT methods to suggest problems in solvent models for some functional groups, whereas the use of higher level methods appears to lower the perceived ΔG°s olv inaccuracies.
Overall, the findings show that the default IEFPCM-UFF and CPCM solvation models in G09 have significantly improved ΔG°s olv prediction accuracy for a subset of highly polar/polyfunctional organic compounds relative to previous software versions. In addition, while increasing level of theory does not improve ΔG°s olv estimation performance for a representative standard set of neutral and ionic monofunctional common benchmarking compounds having alkanol, amine, thiol, nitrile, aldehyde, ketone, carboxylic acid, ester, ether, phenol, peroxide, and main group polyhydride moieties, higher level methods appear to significantly improve the ΔG°s olv prediction capability against more polar and polyfunctional molecules containing nitro, sulfoxide, sulfonyl, and halogenated moieties. The results are perhaps intuitive, as low levels of HF/DFT methods can obtain reasonably accurate geometries and energies for simple organic compounds. On the other hand, a number of previous studies have shown that high-level ab initio and composite methods are required to achieve suitable performance against more problematic functionalities, particularly moieties such as polyhalogenated groups and highly branched hydrocarbons. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Difficult compounds are not only troublesome from the theoretical perspective. Often, these compounds (notably the polyhalogenated members) pose experimental challenges for determining partitioning properties such as vapor pressure, solubility, and Henry's law constants (from which ΔG°s olv is calculated, either directly or by proxy). Thus, as benchmarking ΔG°s olv moves into difficult compounds at high levels of theory, as with other areas of computational thermodynamics (e.g., enthalpies of formation/isomerization), we may find the high level theoretical values are more reliable than the experimental estimates, while HF/DFT approaches do not reach the required accuracy.
Consequently, the rationale for continuing to use only HF/DFT calculations when benchmarking solvent models is not clear. If the goal is to isolate and benchmark the accuracy of solvation models, particularly across the broadest suite of functional groups possible, the highest practical levels of theory should be employed. We concede that high level calculations cannot be performed on larger molecular and macromolecular systems for which future solvation model development is often intended. In these cases, solvation inaccuracies will likely result from errors in both the reduced level of theory needed for the computations to remain practical, as well as errors in the solvent model, and these sources will be difficult to separate (as well as the inherently more difficult and unreliable experimental ΔG°s olv determinations for large molecules). When lower levels of theory are applied, it is not clear whether the model chemistry, basis set, or the solvation model is at fault when discrepancies from experimental data are encountered. Furthermore, the wide diversity of density functionals and basis sets, and likely equal diversity of ΔG°s olv prediction capabilities, also complicates the task. Such ambiguity prevents discriminating whether the solvent model is not accurately modeling a particular functional group, or whether the level of theory is at issue. Similarly, good agreement with experimental data using HF/DFT approaches could result from error cancellation, thereby masking underlying fundamental problems with the solvent model.
Since the potentially problematic moieties (out of the large set of all possible functional groups) whose
ΔG°s olv accuracy is dependent on the use of high level methods cannot readily be identified in advance, and with the advent of high performance computing platforms and the relatively cost efficient CBS-Q//B3, G4MP2, and G4 composite methods for compounds with <10 to 15 heavy atoms (and practicality of the W1BD method [46] for systems with <6 heavy atoms), the sole use of HF and DFT approaches for benchmarking solvation models against neutral and ionic species should be discontinued. Instead, high level calculations should complement HF/DFT solvent benchmarking efforts to the greatest degree possible. These types of multiple theory level benchmarks will help the community best identify the combination of method and solvent model suitable for the task at hand, and better assist in the accurate parametrization of existing and proposed solvation models. Table 1 . Comparison of experimental solvation free energies (ΔG°s olv ) for 9 organic compounds and corresponding theoretical estimates at the HF/6-31+G** and B3LYP/6-31+G** levels of theory using the IEFPCM and CPCM solvent models in Gaussian 03 (G03) and Gaussian 09 (G09). Experimental and G03 ΔG°s olv data taken from ref. [3] . Values in brackets represent deviations from experimental ΔG°s olv . Values are in kcal/mol.
HF/6-31+G** B3LYP/6-31+G** compound expt. [3] IEFPCM-UAHF-G03 [3] IEFPCM-UFF-G09 CPCM-G03 [3] CPCM-G09 IEFPCM-UAHF-G03 [3] IEFPCM-UFF-G09 CPCM-G03 [3] CPCM-G09 Comparison of experimental solvation free energies (ΔG°s olv ) for 9 organic compounds and corresponding theoretical estimates at the HF/6-31+G**, HF/6-311++G(d,p), B3LYP/6-31+G**, B3LYP/6-311++G(d,p), and M062X/6-311++G(d,p) levels of theory using the IEFPCM-UFF and SMD solvent models in Gaussian 09 (G09). Experimental ΔG°s olv data taken from ref. [3] . Comparison of experimental solvation free energies (ΔG°s olv ) for 9 organic compounds and corresponding theoretical estimates at the CBS-Q//B3, G4MP2, and G4 levels of theory using the IEFPCM-UFF and SMD solvent models in Gaussian 09 (G09). Experimental ΔG°s olv data taken from ref. [3] . Values in brackets represent deviations from experimental ΔG°s olv . Values are in kcal/mol.
IEFPCM-UFF SMD compound expt. [3] CBS-Q//B3 G4MP2 G4 CBS-Q//B3 G4MP2 G4 1,4-dioxane Comparison of experimental solvation free energies (ΔG°s olv ) for a suite of 18 anionic, 15 cationic, and 25 neutral inorganic and organic compounds and corresponding theoretical estimates at the B3LYP/6-31+G** and G4 levels of theory using the IEFPCM-UFF and SMD solvent models in Gaussian 09 (G09). Experimental data taken from ref. [18, 28] . Comparison of experimental solvation free energies (ΔG°s olv ) for a suite of 25 potentially "difficult" neutral organic compounds and corresponding theoretical estimates at the B3LYP/6-31+G** and G4 levels of theory using the IEFPCM-UFF and SMD solvent models in Gaussian 09 (G09). Experimental data taken from ref. [21, 47] . 
